A strictly stroma-dependent hematopoietic clone, Myl-D-7, with lympho-myeloid potential has been isolated. A subset of cells expresses myeloid-macrophage (Mac-l and Gr-11, erythroid (TER119). and lymphoid (Thy-1 and B220) lineage markers. Spontaneous differentiation to the myeloid-macrophage, erythroid, or lymphoid pathway can be seen by morphologic criteria, detection of p major globin synthesis, or expression of the early lymphoid specific transcription fac- 
H newal capacity and differentiation potential to both myeloid and lymphoid lineages. '32 To define such cells, many in vivo experiments have been performed, such as the colony-forming unit (CFU)-spleen assay' or a competitive Iongterm repopulating assay. 4 Purification of stem cells can be obtained by use of antigenic criteria and assayed by in vivo injection of such cells.s One major problem of in vivo systems is that they do not permit causal analysis of the mechanisms responsible for self-renewal and differentiation due to the complexity of in vivo interactions.
It is generally accepted that constitutive self-renewal of hematopoietic stem cells is controlled by direct contacts with an element of the hematopoietic microenvironment of stroma Studies on long-term bone marrow culture systems have shown that primitive stem cells can be supported and can proliferate for a few months in presence of stroma Several stroma cell lines have been isolated that were shown to support limited self-renewal of stem cells in culture."."'
The study of mutant mice at the white spotted (W) or at the Steel (Sl) locus have further advanced our knowledge on requirements for cell interaction." The W locus has been shown to encode the c-kit receptorI2-" and the SI locus has been shown to encode the corresponding ligand gene, Hematopoietic stem cells were shown to express ckit receptors on their cell surface," and injection of the blocking monoclonal antibody (MoAb) against the c-kit receptor, ACK2," depletes progenitors and, to some extent, stem cells in vivo.Ix SCFlc-kit interaction therefore appears to play an important role in the interaction between stromal and stem cells, as has been indicated previously in long-term bone marrow culture system in vitro.I9 However, several lines of evidence suggested that primitive stem cells may be able to bypass stem cell factor (SCF)/c-kit the most striking evidence was shown by the study of homozygous mutant mice at the SI locus, which indicated that hematopoietic stem cells, albeit inefficiently, could be generated in these mice." ' We decided to use in vitro coculture systems to establish stem cell lines on defined stroma cells. This should enable us to study interactions of such cells with stroma cells in more defined conditions. Such a coculture system may enable us to isolate mutants that would help us to characterize conditions necessary for the support of stem cells by stroma cells.
We report here the isolation and growth properties of a novel hematopoietic clone, Myl-D-7, that grows in a strictly stroma-dependent manner and expresses multilineage specific markers. We thus succeeded in establishing a powerful coculture system that enabled us to approach some of the putative mechanisms of interaction between stem and stroma cells.
Minimum Eagle Essential Medium (MEM) supplemented with 20% horse serum, SIISI-KZ and VSOP cells were maintained in MEM supplemented with 10% fetal calf serum (FCS) in 5% CO, at 37°C.
Viruses, infection of mice, and culture of infected spleen cells. The virus, SFenv? is a recombinant viral construct of the myeloproliferative sarcoma virus2' and the replication defective spleen focusforming virus (Lilly-Steeves strain) and carries the neomycin-resistance gene. After transfection into packaging cells, supernatant of virus producing cells was injected intravenously to female DBN2J mice.24 Each mouse was killed 18 days after injection, the spleen was removed, and single-cell suspensions were prepared. Suspended cells were seeded with or without MS-5 stroma cells in 25-cmZ flasks and cultured in MEM supplemented with 10% FCS.
The following MoAbsZ6 were affinity purified from ascites of SCID mice; anti-CD4 (clone; GK1.5), anti-CD8 (Lyt-2.1, clone; 53-6.7), anti-CD45R (B220, clone; RA3-6C2), anti-CD11 b (Mac-I, clone; M1/70), and TER119. Anti-c-kit MoAb (ACK2; 17) was kindly provided by Dr S.4. Nishikawa (Kyoto University). These MoAbs were labeled with fluorescein isothiocyanate (FITC; Pierce Chemical Co, Rockford, IL) or biotinylated with biotin (B; Pierce Chemical Co). MoAbs of FITC-anti-Thy-1.2 (clone; 5a-8) and phycoerythrin (PE)-anti-Thy-l.2 were purchased from Coulter Corp (Hialeah, FL), FITC-anti-CD3 (clone; KT3) and FITC-antip chain (clone; LO-MM-9) were from Serotec Ltd (OTP, UK), FITC-anti-Gr-1 (clone; RB6-8C5), and antiLCD32116 (clone; 2.462) were from PharMingen (San Diego, CA). Antimurine bcl-2 (clone; 3F1 l)*' (purchased from PharMingen) and peroxidaseconjugated affinity-purified rabbit antihamster IgG (purchased from Jackson ImmunoResearch Laboratories, Inc, West Grove, PA) were used for Western blotting.
Washed cells were blocked with mouse serum or anti-CD32I16 and stained with FITC-MoAbs. For two-color analysis, cells were stained with FITC-MoAbs and PEMoAbs or B-MoAbs followed by PE-avidin. Stained cells were analyzed on a FACScan cytometer and data were obtained after excluding the contaminated stromal cells by using forward and side scatter. Stored data were analyzed with Consort 30 or Lysis software (Becton Dickinson) after gating out dead cells by propidium iodine uptake.
Western blotting was performed essentially following the method described by Veis et aL2' Cells were lysed in buffer containing 1% Triton X-100 and 6.5 pg of protein from each lysate was separated on acrylamide gels by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to a nitrocellulose membrane. After blocking in 10% milk, blots were incubated with anti-bcl-2 (3F1 l), followed by peroxidase-conjugated rabbit antihamster IgG, and developed using enhanced chemiluminescence (Amersham, Arlington Heights, IL).
Cells were stained with a cocktail of FITC-MoAbs against several lineage markers (LIN; B220, Mac-1, Gr-I, and TERI 19) and LIN-cells were separated from LIN+ cells by a Coulter Epics Elite cell sorter. Cells were also stained with FITClabeled-rat IgG (FITC-IgG) and used as a control for sorted cells. After sorting, cells were plated into 96-well plates by limiting dilution in presence of irradiated MS-5 stromal cell layers to evaluate cloning efficiencies. Sorted cells were also cultured on top of irradiated MS-5 cell layers at a concentration of 1 x 10' cellsImL and changes in cell surface phenotype were analyzed.
Growth factors and conditioned media (CM). Human recombinant erythropoietin (rEpo) and human recombinant interleukin-2 (rIL-2) were kindly provided by Chugai Pharmacology Co Ltd (Tokyo, Japan) and Shionogi Pharmacology Co Ltd (Osaka, Japan). Murine rIL-3, rIL-6, rIL-7, recombinant granulocyte-macrophage colony-stimulating factor (GM-CSF), and rSCF were purchased from Genzyme (Cambridge, MA).
Antibodies.
Cell surface phenotyping.
Western blotting.
Cell sorting. Cells were cloned into 96-well plates in MEM supplemented with 10% FCS by limiting dilution and cloning efficiencies were evaluated after 12 to 14 days of culture.
Assay for short-term proliferative response to growth factors. The cell proliferation assay was performed to evaluate short-term proliferative response to growth factors. In short, 2 X 104cells were maintained in a 96-well plate for 18 hours, pulsed, cultured far an additional 6 hours, harvested, and counted with a scintillation counter.
Myl-D-7 cells were also cultured at 5 X IO5 cells/mL in presence of growth factors, CM, or stromal cells, and percentages of viable cells were examined by staining with trypan-blue Long-term self-renewal supporting activity was evaluated using the method of Sutherland et with modifications. Cells were cloned by limiting dilution and cloned cells were transferred to 24-well plates. Every clone was transferred at a 1/10 dilution into new wells every week. The number (n) of positive wells with growing cells was recorded. Self-renewal supporting activity was evaluated at weekly intervals as follows: no. of positive wellsho. of clones analyzed X 100 (%).
Expression of mRNAs was examined by reverse transcriptase-polymerase chain reaction (RT-PCR) as described previou~ly.*~ Specific DNA fragments in transcribed complementary DNA were amplified by PCR for 25 cycles, except p actin (20 cycles), and separated by gel electrophoresis. To confirm specificity and to detect lower quantities, DNA was transferred to membrane and hybridized to 32P-labeled specific probes and exposed to x-ray film. Primers used for amplification of genes for P-actin, IL-3, Epo, macrophage-CSF (M-CSF), and their receptors (AICZA, EpoR, and M-CSFR) have already been de~cribed.~' For the detection of a chain of IL-3 receptor (IL-3Ra), IL-6Ra, GM-CSFRa," p-major globin,'* and Ikaros3? mRNAs, we used the published set of primers. Expression of the following growth factors and receptors was also examined using the sets of primers summarized in Table  1 Assay for loag-term self-renewal supporting activity.
Detection of mRNAs.
(gp 130).
Detection of apoptosis.
For personal use only. on October 31, 2017. by guest www.bloodjournal.org From the presence or absence of growth factors and were collected after incubation at various time points. Apoptosis was confirmed by monitoring DNA fragmentation after electrophoresis of DNA extracted from 5 x 1 0 cells.
RESULTS

Isolation of stroma-dependent hematopoietic cells.
Friend cell lines can usually be isolated from spleen cells of mice infected with the Friend virus complex." However, in addition, other hematopoietic cells that proliferate in the presence of stroma cells could also be isolated after 2 to 3 months of coculture with irradiated MS-5. These cells were cloned twice by limited dilution; one of those clones, Myl-D-7, was studied here.
Myl-D-7 cells have been maintained on top of irradiated (1 2,000 to 18,000 rad) stromal cell layers of MS-5 and passaged every 1 to 2 weeks. As shown in Fig IA, some cells adhere to the stromal cells and proliferate under the stromal cell layers. In contrast to Friend cell lines, which released the neomycin-resistant SFenv vector, Myl-D-7 cells were not G-418 resistant. The integration of helper virus was detected by Southern blotting, but not SFenv (data not shown).
MyI-D-7 cells express multilineage-specific surface markers. We analyzed the expression of surface markers to determine the phenotype of Myl-D-7 cells. Myl-D-7 cells were negative for CD3, CD4, CD8, and surface Ig p chain ( Fig  2A) . However, to our surprise, Myl-D-7 cells were positive for granulocyte-macrophage (Mac-1 and Gr-l), erythroid (TER-119). and lymphoid (Thy-I .2 and B220) markers (Fig  2A) , although the expression of TER119 was weak. c-kif receptor showed weak expression (Fig 2A) . Two-color FACS analysis was thus performed to determine the distribution of these markers on individual cells. Figure 2B shows that a subset of cells is B220 or Mac-I single-positive and Fig 2C shows that another subset of cells is Thy-I or Mac-I single-positive. Figure 2D shows that a small subset of cells expresses high levels of the erythroid lineage marker, TER 1 19. Differentiation toward erythroid lineage was further confirmed by the detection of &major globin message by RT-PCR (Fig 3A) . T-lymphoid (Thy-I) or B-lymphoid (B220) marker positive subsets were seen (Fig 2E) . Differentiation towards the lymphoid lineage was confirmed by detection of the transcripts of the early lymphoid specific transcription factor gene Ikaros33.3J by RT-PCR (Fig 3B) . However, Southern blots did not detect clearly rearranged bands of either the heavy chain of Ig or T-cell receptor a and / 3 genes (data not shown) and genomic PCR data were ambiguous (data not shown). Figure 2F shows that a subset of cells is strongly positive for either granulocyte or macrophage lineage markers. This is in agreement with the morphologic examination that showed a few mature macrophages and granulocytes (Fig 1B) .
These results indicate that Myl-D-7 cells spontaneously differentiate along the lymphoid (B220 and Thy-I ), myeloid (Mac-I and Gr-I), or erythroid (TERI 19) marker positive cells.
Staining of Myl-D-7 cells with a cocktail of MoAbs (B220, Mac-1, ( 3 -1 , and TERl19) showed a small population (about 5%) of cells that are LIN- (Fig 4A) . To examine the possibility that these LIN-cells differentiate to LIN' cells, we performed cell sorting experiments. The LIN-population (3.3%) was sorted from 2 X IO' Myl-D-7 cells and then further analyzed on a FACScan cytometer. Figure 4B shows that about 94% of cells were LIN' before sorting and 92% of the sorted cells were LIN- (Fig 4B) .
After culture of LIN-cells for 2 weeks, lineage markers were analyzed again. Results depicted in Fig 4C show that the same phenotype as that of the original unsorted Myl-D-7 cells reemerges. This provides clear evidence that LINMyl-D-7 cells are spontaneously differentiating to lymphoid (B220 and Thy-I), erythroid (TERI 19), or granulocyte-macrophage (Mac-1 and Gr-I) marker positive cells, respectively. Cloning efficiencies were examined with sorted cells or FITC-IgG-labeled control cells in the presence of irradiated MS-5 cell layers. The cloning efficiency increased drastically after sorting of LIN-cells (Fig 4D) , indicating that the LIN-population of Myl-D-7 is mainly or exclusively responsible for self-renewal.
Taken together, these results prove that the LIN-population of Myl-D-7 cells actively self-renew and also can differentiate to multilineage marker positive cells.
LIN-cells diflerentiate to LIN' cells.
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For Table 2) .
Removal of Myl-D-7 cells from stroma cells resulted in rapid reduction of the viable cell number (Fig 5A) as a consequence of apoptosis, as shown by the typical DNA ladder indicating apoptosis-specific nuclear degradation ( Fig  5B) . Because the bcl-2 gene is known to be closely related to abrogation of apoptosis,3s we examined expression of the bcl-2 protein by Western blotting. As is clearly shown in Fig 5C, bcl-2 is strongly expressed in cocultured Myl-D-7 cells but much reduced after the removal of stroma. A strong signal was detected when initially cultured with stroma, but no detectable band was found 2 hours after stroma removal. Interestingly, a faint band was consistently detected after 6 hours of stroma-free culture, but it disappeared again after 18 hours. Cytoplasmic staining of the cells with anti-bcl-2 MoAb and analysis on a FACScan cytometer confirmed the expression of bcl-2 protein in Myl-D-7 cells cocultured with the stromal cell line, MS-5 (data not shown).
A battery of hematopoietic cytokines was tested to determine if the proliferation stimulus provided by stromal cells (MS-5) to Myl-D-7 cells could be replaced by a single growth factor or combinations thereof. Only GM-CSF provided a shortterm proliferative response and other growth factors such as IL-2, IL-3, IL-6, IL-7, Epo, and SCF were essentially negative (Table 3 ). The cells seem to respond very weakly to some of the growth factors for about 12 to 24 hours, reflecting perhaps a delay in apoptosis; however, almost all cells lost viability within 1 day (data not shown). The combination of SCF with these growth factors did not essentially alter the proliferative response of Myl-D-7 cells (data not shown). Few cells could survive for more than I day and apoptosis was induced as shown by the presence of a typical DNA ladder in cell extracts (Fig 6) , even in the presence of IL-2, IL-3, IL-6, IL-7, Epo, or SCF.
Cloning efficiencies were less than 1 X IO-' in the pres-
Response of M-yl-D-7 cells to growth factors.
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Mvl-D-7 cells d;ferentiate in the presence qf GM-CSF.
To examine the discrepancy between the short-term proliferative response to GM-CSF and the cloning efficiency. we examined the phenotype of Myl-D-7 cells during culture in the presence of GM-CSF and without stroma. As can be clearly seen in Fig 7, expression of the B-lymphoid lineage marker (B220) was drastically downregulated, whereas granulocyte-macrophage lineage markers (Mac-I and Gr-1 ) were upregulated during I week of culture. The expression of another lymphoid lineage marker, Thy-1, was also downregulated within 1 week of culture with GM-CSF (data not 
CD45R(B220)
Mac-1 Gr-1 renew in the presence of GM-CSF. This was also confirmed on the basis of morphology (data not shown). Expression of bcl-2 protein was also decreased in presence of GM-CSF (Fig 5C) , but a band was still detected 18 hours after withdrawal of stroma. A DNA ladder could not be seen even after 1 week of culture, clearly indicating that GM-CSF supports myeloid-macrophage differentiation and also delays apoptosis in Myl-D-7 cells.
M-yl-D-7 cells express receptors for hematopoietic growth factors. Because Myl-D-7 cells did not respond to growth factors, we examined the expression of growth factor receptors and the production of growth factors of stromal cell lines. The stromal partner of Myl-D-7, MS-5, expressed mRNA that codes for M-CSF and IL-6. No detectable amounts of IL-3 or Epo mRNA could be seen (data not shown). Cell lines derived from SI/SI homozygous fetuses (SI/SI-K2 and VSOP cell lines), as expected, did not express detectable amount of SCF (Fig 8) . MS-5 expressed SCF and further examination showed that MS-5 cells express the M 1 form of SCF, which has been reported to encode both membrane and secreted forms of SCF" (data not shown). These results are in agreement with similar data of Kobari et a!." MS-5 cells also expressed IL-7 and FLK2-ligand messages but not GM-CSF (Fig 8) . However, FLK-2-ligand message can be also seen in both TEC1.4 and SI/SI-K2 cells (see Discussion).
mRNAs coding for IL-2Ra, IL-2RP, IL-~RcY, IL-3RP common (AIC2B). common y (IL-2Ry), and ILdRP (gpl30) could be detected in Myl-D-7 cells (data not shown). Expression of low amounts of c-kit receptor was shown by FACScan analysis (Fig 2A) .
SCF receptor interaction is not necessap ,for stroma cell dependent growth of Mjd-D-7 cells. We also examined the supportive properties of different stroma cells that either do (AIC2A), IL-~Rcx, IL-~RcY, EpoR, M-CSFR, GM-CSFRCY, (Table 2) and proliferation rates of Myl-D-7 cells cultured with MS-5 and SI/ SLK2 stroma cells were comparable. Together with our data that soluble SCF did not support the growth of Myl-D-7 cells (Table 3) , these results show that a mechanism(s) other than SCFlc-kit interaction can support long-term growth of the multilineage hematopoietic clone, Myl-D-7.
Concentrated CM partially complements the growth qf Myl-D-7 cells. Next, an attempt was made to detect the unknown factor/mechanism(s) that might support the selfrenewal and growth of stem cells, using Myl-D-7 cells as an indicator cell line. Response to conditioned media was tested at first to examine whether Myl-D-7 cells could grow with CM of stroma cells. MS-5 CM, Myl-D-7+MS-5, CM SI/SI CM, and Myl-D-7+SI/SI CM supported the short-term proliferation of Myl-D-7 cells (Table 4) . Cloning efficiencies with these CM were 1/12 to 1/60 of that of Myl-D-7 in coculture with stromal cells (data not shown). We also tested the viability of the cells incubated in the presence of CM without stroma. As is shown in Table 5 , the percentage of viable cells decreased in a concentration-dependent manner, whereas viability was greater than 80% in the presence of stromal cells. Phenotypic changes of cell surface lineage markers were also examined in the presence of the CM. CM supplemented with growth media was exchanged every 2 to 3 days to maintain cell viability. No significant changes were 
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observed after 2 weeks and no DNA ladder was detected after 1 week of culture (Fig 6) , showing that apoptosis was also delayed by CM stimulation. These results suggest that a soluble factor(s) supports the proliferation and self-renewal of Myl-D-7 cells. Taken together, our data show that CM cannot completely substitute for stromal interaction but can at least partly complement the function of stromal elements that are necessary for self-renewal.
DISCUSSION
We have reported here the establishment of a novel hematopoietic clone, Myl-D-7, that is stroma-dependent and ex- cate.
Fivefold concentrated CM were used at various concentrations (% The growth property of the Myl-D-7 clone was examined in detail. We showed that Myl-D-7 cells are strictly stromadependent (Table 2 ) and that removal of stroma results in apoptosis (Fig 5B) . To our surprise, growth factors such as IL-2, IL-3, IL-6, IL-7, Epo, and SCF or the combinations of these factors with SCF do not support even the short-term proliferation of the cells, although corresponding receptors are expressed. There are some possible interpretations to explain this discrepancy: (1) the number of receptors expressed on the cells is not sufficient; (2) some molecules in the signal transduction pathways are lacking; (3) the number of the cells responding to these factors is extremely low; or (4) cells differentiate in response to these factors without DNA synthesis. We cannot exclude the first three possibilities, but the last possibility is very unlikely because we showed that apoptosis, but not differentiation, is induced in these cells (Fig 6) . In presence of GM-CSF, Myl-D-7 cells differentiate to the myeloid-macrophage lineage rather than self-renew. Taken together, none of the growth factors tested can replace the normal interaction of stroma cells necessary for self-renewal of Myl-D-7.
We have clearly shown that an alternative mechanism(s) to SCFlc-kit interaction supports the growth of Myl-D-7 cells, because SllSl-K2 cells, which do not express SCF, support the long-term growth of Myl-D-7 cells (Fig 9) . These results suggest that a mechanism(s) other than SCFlc-kit interaction plays an important role for the interaction between normal stem and stromal cells.
Recently, the FLK2-ligand has been reported to support the proliferation of primitive stem cells.'* However, our results show that the self-renewal of Myl-D-7 is supported by a mechanism(s) independent of this molecule, because TEC1.4 cells, which express the FLK2-ligand (Fig 8) . do not support Myl-D-7 cells (Table 2) . Moreover, the longterm self-renewal of Myl-D-7 cells cannot be supported by VSOP cells, which also express FLK2-ligand (Fig 8) .
On the other hand, CM of stromal cells of MS-5 or SI1 Sl-K2 can support at least short-term proliferation of Myl-D-7 cells (Table 4 ). The surface phenotype is also unchanged in the presence of CM, even after 2 weeks of culture, suggesting that these stromal cells may release an activity that supports the self-renewal of this multilineage hematopoietic clone. Such an unknown factor(s) might have both membrane bound and soluble forms, either of which may support self-renewal. Thus, it might be possible to identify such a molecule(s) that supports normal stem cell growth"'^" by using Myl-D-7 cells as an indicator cell line. Preliminary data using crudely fractionated CM suggested that the molecular weight of the molecule(s) is larger than 50 kD (data not shown) and does not obviously correspond to any known growth factors.
Direct cell-to-cell contact with stroma, as yet not molecularly defined, may also be essential for the long- Using an erythroid precursor stroma-dependent cell line, ELM-D,4",4' we also observed the necessity of direct cell-tocell contact (Itoh et al, manuscript submitted). Taken together, bcl-2 and its related molecules may be important target genes of the signal transduction provided by the direct contact with stromal elements. Bcl-2 upregulation could be an important consequence of direct contact with stroma cells. inducing the necessary molecule(s) that prevents stem cells from entering apoptosis, whereas detatchment from stroma downregulates bcl-2. Thus, after detatchment from stroma, hematopoietic stem and precursor cells might have three fates: (1) differentiation in response to growth factors that support proliferation coupled with differentiation; (2) induction of apoptosis; or (3) renewed contact to stromal cells thus survival and proliferation. Although erythroid and myeloidmacrophage lineages do not show drastic phenotypic changes in bcl-2 knock-out mice:' it is possible that other bcl-2-related molecules may complement the lack of bcl-2 expression. To understand the mechanisms triggered by the direct cell-to-cell interaction between stem and stromal cells, it might be necessary to analyze the intracellular chain of events that regulate bcl-2 and its related molecules. We also thank Dr C. Stocking of the Heinrich-Pette-Institute for her valuable discussion and critical reading of this manuscript.
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